Wood is a renewable and valuable resource for a variety of end-use application areas. However, rapid and reliable assessments are needed to identify the quality of the tree, timber or wood product at all stages of production and processing. The ideal technology for assessing wood and wood products must provide reliable data, be user-friendly, cost-competitive and provide a rapid analysis. The ultimate application of near infrared (NIR) spectroscopy of wood or wood products is to substitute for costly and time-consuming reference measurements in order to aid process optimisation or determine properties and genetic traits on large numbers of individual samples.
Introduction
Near infrared (NIR) spectroscopy has been proven to be a successful scientific tool in the characterisation of various biomaterials, including wood. The number of publications reporting NIR spectroscopy application to forestry, wood and wood products, is increasing systematically. Several scientific laboratories and R&D departments have invested resources and time in implementing NIR technology in their portfolio of analytical methods. On the other hand, it has been reported anecdotally, that in many cases equipment is not routinely utilised or was used for a short period of time and then abandoned. Frequently, this lack of success with NIR-based analyses was due to the fact that the results of NIR measurementspectra-were not directly interpretable by the operator, or that the measurement procedures of the new instruments were poorly understood. The very same difficulties have been faced by most researchers at the beginning of NIR implementation for measuring wood. Where the researchers did succeed they were often gaining experience which had already been gained by others. The experience included understanding which instrument parameters and sample conditions affect the spectra and how to extract information from spectra. In most cases this experience comes at a high cost of time and resources, and may not result in NIR technology being approved for further funding by management or to it being adopted by the industry.
This manuscript is in response to discussions that took place in April 2014 at the "NIR and Wood, Sounds Good" workshop at the Trees and Timber Institute (CNR-IVLASA) in Italy, where Dr Meder and Professor Satoru Tsuchikawa presented keynote addresses to fill the place of Professor Manfred Schwanninger following his untimely demise. 1, 2 Much of the questioning and discussion on the day revolved around the fundamentals of acquiring and analysing NIR spectra of wood, which led the authors to surmise that despite more than two decades of R&D in this area, 3, 4 there is still considerable misunderstanding or lack of understanding of the basics of NIR spectroscopy of wood.
The manuscript presented here is to a certain extent subjective and a personal guide based on the collective experience of the authors. It is intended for new (and maybe not so new) users of NIR spectroscopy, who are interested in the application of this technology towards wood and other biological materials. It highlights some key issues to be considered when measuring wood, by providing some hints, solutions and suggestions. It is the hope of the authors that this tutorial can be useful and a stimulus for the next generation of NIR wood spectroscopists.
What is NIR spectroscopy?
Spectroscopy is a scientific field studying the interaction between the material and electromagnetic radiation. Spectroscopic data are usually represented by a spectrum; for instance, a plot of the absorbance of a material as a function of wavelength or frequency. Dependent on the physico-chemical properties of the material, certain wavelengths are absorbed due to interaction of the incident energy and the constituent chemicals or is reflected. In broad terms, the spectral response can be used to either qualitatively determine the chemical composition or quantitatively determine the amount of a particular compound present, or even the quantity of some physico-chemical property such as wood density.
A flowchart presenting a general schematic of process for developing near infrared spectroscopic tools for assessment biological materials is presented in Figure 1 . The chart summarises chronologically all steps that are equally important toward successful implementation. Some practical solutions and recommendations based on our personal experiences are also provided, reflecting measurement routines used on a daily basis in the laboratories at the Trees and Timber Institute in Italy CNR-IVALSA (Sandaks), and at the New Zealand Forest Research Institute, the Commonwealth Scientific and Industrial Research Organisation (CSIRO) and University of the Sunshine Coast (USC) in Australia (Meder) . The ultimate application of NIR spectroscopy of wood or wood products is to substitute for costly and time consuming reference measurements in order to aid process optimisation or determine properties and genetic traits on large numbers of individual samples.
The reasons for considering NIR spectroscopy as the analytical tool for a specific task include: n little or no sample preparation, n low cost per sample once calibrations have been developed, n simultaneous determination of several sample properties of interest, n no dangerous chemicals being required and n an inexperienced operator, once trained, can analyse many samples per day. However, a person with experience and skills in NIR spectroscopy is required during the initial stages of a project to develop calibrations and classification models and to provide on-going oversight. Without the latter the data generated may become less accurate and unreliable with time.
Problem definition
How do you know if NIR spectroscopy is a suitable tool to help gather data/information about the wood you have? NIR spectroscopy has already been utilised by several researchers for various applications. While many quality features of wood are related to identifiable absorbances in the NIR spectra, other properties do not interact directly with infrared energy and are only predicted because there are purely empirical physico-chemical relationships with spectra components. An example of this is the quantitation of NIR data and microfibril angle which has been reported with similar calibration statistics by at least three separate research groups, [5] [6] [7] yet from first principles it is not apparent why a quantitative calibration should be possible. As a result, calibration models are readily developed with the aim of establishing a rapid or low-cost alternate method for analysis, even if their meaning and interpretation may be highly problematic. It is important therefore, first, to understand what can be measured with NIR spectroscopy and what scientific bases for such measurement exist. In general, the NIR spectrum is a superposition of two main signals. Scatter is the physical information related to the phenomenon of light reflection from the surface, affected by microstructure, roughness, internal reflection, interferences and diffraction, among others. It may be related to the spatial distribution of molecules, but is not directly related to its chemical composition. NIR light absorbance is, however, related to the molecular vibrations of functional groups within the polymeric matrix, in the case of wood a lignocellulosic matrix. Only molecules possessing a dipole moment can be excited to specific vibration modes and consequently absorbing specific bands of infrared radiation. Absorbances in the NIR range are the result of combination and higher order overtones of the fundamental vibrations which occurs in the mid-infrared region of the electromagnetic spectrum. However, the same vibrations that occur in the NIR range are 10-100 times less intense than in the mid-infrared region. It is essential, therefore, to be aware that it is not directly "lignin" or "carbohydrates" in wood that is being measured with NIR spectroscopy, but only the presence or variation of functional groups being a part of such polymers. To gain the best results from NIR spectroscopy, prior knowledge and practical experiences may be of the greatest help in a proper definition of the challenge and how to solve it. Preparation of a broad state-of-the-art literature review, participation in discussions/ workshops on the topic or practical exercises can be a great support in identifying original research directions.
Practical recommendations
n Search the literature for not only the recently published papers, but check the classical literature on NIR spectroscopy. This is indispensable for avoiding repetition of the experiments already done by others. n Brainstorm with colleagues from differing scientific disciplines at an early stage of the problem definition, assuming that at least some group members are fully aware of the technical aspects of spectroscopy. n Experimenting and facing new challenges is a driving force of development. However, it is necessary to consider various limitations of material, methods and available know-how when defining objectives and specific goals. n Avoid trying to predict "everything" with NIR. n Be willing to accept that not all properties of wood can be assessed using NIR spectroscopy.
Experimental design
Designing the optimal experimental study is a direct consequence of the problem statement. The selection of best measurement methodologies, samples, replicates, procedures and analysis are primarily defined at this stage. The experimental design has the most important impact on the overall success of the project. Frequently, omission of a minor detail at the planning phase may result in failure to achieve the expected research goals. All the specific aspects related to wood as a biological material have to be considered here in order to ensure acquisitions of quality spectra from the properly conditioned material. In particular, wood hygrosopicity, anisotropy and surface ageing are factors which affect the quality of spectra to be acquired. 8 Properly designed experiments allow interpretation of results directly related to the limited number of clearly identified variables, by minimising measurement error and any other misunderstandings. It cannot be emphasised enough that time dedicated to the in-depth understanding and planning of the experiment is the best investment and usually pays back at all the following stages.
Practical recommendations
n Prepare a detailed experimental workplan according to goals identified during the problem definition phase. n Whenever possible, consider the minimal number of variables adequate to describe the phenomenon of interest. n Think carefully before starting any testing and imagine all possible disturbances or sources of variation that can potentially influence spectral acquisition and hence the study outcome.
Sample selection
Wood, and derived products, are materials of biological origin-biomaterials. The variability of natural properties in such materials is very high between samples and within a sample, consequently statistical approaches for their quantification is necessary. 9 On the other hand, it is extremely important to minimise an effect of the properties' variation or at least to consider it when analysing results. This is of particular importance when considering the variation in a property within a 30-m tall tree with a breast height diameter of 25 cm. When sampling a standing tree, it is only the lower 2 m or so which is readily available for sampling. On top of that there is the issue of radial variation from pith to bark. Juvenile corewood is less stiff than mature outerwood for instance. Furthermore, there is the potential impact of circumferential variation, particularly if reaction wood (compression wood in softwoods or tension wood in hardwoods) is present in one quadrant of the cross section. For these reasons it is important to consider the aspect of the tree when sampling. Is the tree on a slope? If so, then it is likely that compression wood will form on the downslope side or tension wood will form on the upslope side of the tree. Unless reaction wood is intended to be sampled then the cross-slope direction is best for sampling of increment cores to obtain representative wood.
The greatest advantage of NIR spectroscopy is that it allows rapid, very low-cost and non-destructive measurements of several properties simultaneously. Therefore, consider as high a number of samples and replicates as possible to be included for assessment. At the same time, be fully aware of the samples' origin (high elevation vs low elevation, low latitude vs high latitude, coastal vs inland, flat vs slope), species, moisture history, exposure to degrading factors, age class, log height among others. All of the above may directly influence the investigated material properties and consequently the results obtained. 10 It is clear that the reasoning about general trends within entire species on the basis of one sample is unreliable. It is essential to take into account natural variability within properties and known statistical methods for determination of the optimal (minimal) number of samples.
11,12
Practical recommendations n Whenever possible, collect materials personally, noting any strange appearance of the samples. n Record all available information regarding samples, including species, provenance, site conditions, silviculture, soil type and fertilisation, parameters of technological processes applied on the sample, storage conditions, exposure to moisture and degrading factors. n Remember that ageing (or storing) of wood is a mild degradation process, affecting material properties. n The greater the number of reference samples to be used for model development the better. n As a bare minimum consider 36 samples for an initial calibration if this assures the coverage of usual variability of wood (5%) at the confidence level p = 0.05. n The samples used to develop a calibration must cover, as far as possible, all the variation in each attribute of interest, that is expected in the future model implementations.
Sample preparation Sample drying
The state of the moisture in the sample may be intended to be part of the experimental design but usually moisture in wood samples is not uniform and is considered to be an undesirable source of extraneous variance. Considerable thought must be made as to how the samples are dried in order to avoid potential compromise of the samples condition. As wood is a lignocellulose biomaterial it is potentially subject to several sources of biologically and thermally induced degradation. Even mild thermal treatment at 50°C, is sufficient for the chemical structure of wood to change. 13 
Sample machining
Properly selected samples have to be adequately prepared for spectral acquisition. It is very important, as significant (unintended) variability to the results may be affected by the way samples are prepared. 14 Variation can be due to surface roughness, differences in wood sections, surface modification due to machining, thermal treatment caused by a friction of the cutting tool, surface densification when preparing specimens, contaminations etc. 15 The shape and the size of sample may vary case by case reflecting the research goals, with some examples presented in Figure 2 . Milling wood is a common way to homogenise the material, especially when reference chemical analyses are performed on the wood powder. The milling procedure (sharpness of the cutting edges, temperature inside the mill, cutting speed), powder density, size and fraction of the wood powder particles all influence the reliability of infrared spectroscopy and therefore the performance of prediction models. 16 However, the microstructure and spatial distribution of wood components is destroyed during milling, affecting NIR spectra dramatically. As a consequence, it may be impossible to quantify some of the morphological properties such as microfibril angle or cellulose crystallinity level. A practical alternative to milling is the collection of residues in the form of drill frass or chainsaw chips.
The dimensions of the wood samples (thickness, radius of core, width) and the condition of the solid wood surface (anatomical section, roughness, porosity) greatly affect the infrared spectra. 17 Solid wood samples may be of different shapes and thicknesses. Consider very thin wood slices after microtoming (<100 µm) for measuring spectra in a transmission or transflection mode. 18 Ensure that samples used for spectroscopic evaluation as well as for a corresponding reference measurements are uniform in type and have been treated with similar sample preparation methods. In the best case, the same sample should be measured at diverse stages and by complementary methods. In particular, when analysing chemical composition, it is essential that the sample used to acquire NIR spectra is the same sample that is sent to the laboratory for wet chemical analysis. If this is not possible then preparation of side-or end-matched samples is a very useful approach when wood is to be subjected to any treatment or modification as it allows direct comparison of modified and reference samples at all stages throughout the treatment.
The set of samples prepared for spectroscopic evaluation should reflect the real variability of the material with respect to the research objectives. For that reason, it is critical to prepare samples covering the whole range of the property variation, ensuring sufficient numbers of samples corresponding to the extreme values (both minimum and maximum) are included.
Samples should be properly labelled during preparation in order to allow further interpretation of results (for example pith position, heart wood border, wood provenance). In general, Figure 2 . Sample presentation for NIR spectroscopy evaluation: remain of the tree marking (a), core (b), tree feeling wedge (c), milled and extracted wood and its components (d), chainsaw chips (e), drilling chips (f), veneer slices (g), wooden blocks of radial plane exposed (h), processed wooden blocks (i).
each sample containing any variation of the property of interest should be identifiable along the whole process. The best way to ensure traceability is to apply well-defined codes. These should be decided at the experimental design stage and may contain not only a sample number, but also references to all properties influencing results. Consider printing bar codes or QR codes for automatic reading by the scanner or camera. Some examples of samples coding strategies are shown in 
Practical recommendations
n Whenever possible, all the experimental samples should be prepared together, at the same time, on the same machines, by a single person. n Ensure careful cleaning of woodworking machinery and tools before processing experimental samples in order to avoid cross-contamination. n Take special care to provide samples fitting exactly the objective of the project, for example ensure that samples are extracted from the same part of the tree in order to eliminate variability due to anisotropy of properties within trunk. n Remember that early-and late-wood are different materials, as well as heart-and sapwood and "normal" wood and reaction wood (compression or tension wood). n Adjust the anatomic section of wood to the instrumentation you are planning to use; in general, best uniformity of results is obtained for wood on radial or cross sections. 19 However, a tangential section can be of use if focusing research on differences between early and late woods. n Consider that the sample selected for the laboratory evaluations should be compatible with that to be used later when implementing routine methodologies in-field or for process control. n For milled wood, a commonly used fraction is that part that passes through a 1 mm mesh, assuring that the whole volume of the sample was sufficiently fragmented and none remained in the bigger fractions.
Sample conditioning
Proper sample conditioning before measurement is very important in order to minimise unwanted variation within samples due to moisture uptake and/or surface ageing. Wood is a highly hygroscopic material which readily changes its moisture content to match the ambient environmental conditions, thereby achieving an equilibrium moisture content (EMC). Near infrared energy is strongly absorbed by water molecules and corresponding OH bonds. NIR spectra of biomaterials may be dominated therefore by "water peaks" at ~1450 nm and ~1890 nm, which is especially noticeable in samples with higher moisture contents. In that case the spectrum contains only a few strong, broad absorption bands, masking peaks due to other wood constituents. On the other hand, high absorbance of the infrared radiation by water may be considered as an advantage when researching wood-water relations with NIR energy, as several bands assigned to OH groups within various woody polymers are noticeable in the NIR spectrum. Thus, even small variations of the wood moisture content may influence the reliability of the analysis. A practical solution for minimising the effect of moisture variation is to store samples in the same conditioned room where the NIR instrumentation is located. As an alternative, the conditioning of samples may be performed in a separate chamber with temperature and humidity control to achieve a desired EMC value.
A second consideration is the ageing of the wood surface during storage and related physical and chemical changes of material. These noticeably affect the absorbance of infrared energy and the corresponding absorbance of the NIR spectra. 20 Surface ageing is most rapid immediately after surface exposure and the ageing kinetics slow down after a few days of storage. Therefore, all the samples within a single batch should be scanned after a similar period of storage, assuming at least one day of conditioning after processing.
Practical recommendations
n Store samples in a climatic chamber before measurement.
The usual climate conditions are temperature 20 ± 1°C and relative humidity 60 ± 5%. The equilibrium moisture content of most wood species is EMC = ~12%. n Consider measurement of dry samples EMC = ~0%, or both conditioned and dried (EMC = ~12% and ~0%, respectively) in case you would like to minimise the effect of moisture on the measurement. n If it is impossible to condition samples in the same room as used for measurement, consider moving samples in a closed container (desiccator) and keep exposure of samples to varying environmental conditions to a minimum. n If your research study is related to in-field measurement, collect experimental samples at different moisture levels and try to include all possible variability in your future models (measurement of wood with various MC, acquisition of NIR spectra at various ambient temperatures etc.)
Instrument selection
For the acquisition of NIR spectra there are several optical technologies on the commercial market from a number of instrument manufacturers. Each of these technologies possess unique advantages and limitations, as briefly summarised in Table 1 . The most suitable for acquisition of NIR spectra on wood are: Fourier transform near infrared (FT-NIR), linear variable filter (LVF) and dispersive fixed grating diode array (DA) spectrometers. The most important considerations are related to the optical specifications and to the mechanical rigidity of the sensor, especially with respect to in-field applications. 21 The highest quality spectra are obtained with laboratory-based FT-NIR instruments, assuring the highest spectral resolution, wavelength range and signal-to-noise ratio (SNR). However, FT-NIR instruments contain very sensitive optical components (such as interferometers), limiting their application to the laboratory environment. Conversely, LVF spectrometers have considerable potential for in-field applications due to the absence of moving parts and their light-weight, compact design. The limiting factor for LVF NIR spectrometers is the reduced spectral range and comparatively low spectral resolution due to the small number of data points (pixels) comprising the spectrum. 22 For technical reasons (e.g. elevated dark noise in InGaAs photodetectors caused by elevated sensor temperature), the wavelength range in miniaturised NIR systems is usually limited to an upper limit of 1700 nm and therefore does not cover the combination band region which contains several absorbances attributed to woody polymers.
The limited sensitivity of DA spectrometers at the longer wavelengths (>1700 nm) is also a limiting factor. The spectral range of some DA instruments can be modified by changing the diffraction grating, and replacing the CCD detector so that the spectral resolution may be optimised. The small size and relatively rigid construction allows usage of this spectrometer as a portable instrument.
Hyperspectral imaging cameras are a relatively recent development and for some applications are substituting for NIR spectrometers. The great advantage of hyperspectral imaging systems is the opportunity to acquire spatially resolved spectra. 23, 24 It may be especially useful for assessing areas with knots, compression wood 25 or for determination of the sap/heart wood borders. The measurement approach varies between solutions, but in general it mimics FT-NIR, DA and LVF principles implemented with 2D arrays of photo sensors.
It is important to keep in mind that the reliability of measurement depends on the state of the measured object, where wood surface roughness and surface moisture are critical factors. A summary of the feasible scenarios for selected instruments is presented in Table 2 including different states of the measured surface and properties of interest.
There are different probes/sample holders to be integrated with various spectrometers, including sample holders for transmittance mode, integrating sphere, diffuse reflection probe, transflection mirror or fibre optics in different configurations. 26 The probe selection is very much related to the sample presentation and desired automation of the measurement system. In most cases for evaluation of wood-derived samples, the fibre optic seems to be a universal accessory, capable of correct acquisition of the NIR spectra from the well-controlled area of sample. 
Practical recommendations
n Select your NIR instrument according to the purpose, considering limiting factors for portability and expected accuracy of the spectra. n FT-NIR is a superior technique for laboratory work, especially when equipped with a fibre optic probe. n Some LVF spectrometers are integrated with light sources and powered through a standard USB port, making it an optimal solution for application in-field or out-of-thelaboratory. n Novel developments in the field of NIR spectrometer design are making the technology more affordable by offering miniature instruments of high accuracy-be attentive of the new solutions and monitor the market accordingly.
Instrument set-up
Modern NIR instruments are built with one or more options for presenting samples to be scanned, allowing simple reconfiguration of the hardware components for specific tests. The strategies for spectra acquisition in various scanning modes and with different accessories are schematically presented in Figure 4 . In general, wood samples in most applications can be measured in transmission, transfection or reflection modes. Each mode of acquisition has different advantages and limitations, and should be selected to suit the evaluated sample form, size and condition. Fibre optic probes allows measurement of moderately large samples up to a short distance (few metres) from the spectrometer. Integrating spheres are very efficient when highly diffused light is reflected from the surface or when a large sample area has to be simultaneously averaged. Presenting powdered samples in containers allows simplification of sample handling and also automation of the measurement. The simplest approach to acquire NIR spectra is by means of the diffuse radiation measurement in transmittance, transflectance or reflectance.
Depending on the NIR spectrometer selection, the instrument has to be adopted according to the experimental design to ensure superior quality of acquired spectra from specific samples. Very simple set-up procedures are required for LVF and DA spectrometers which is usually limited to the proper setting of the integration time and collection of dark current and white reference spectra. In general, increasing the integration time, while ensuring that saturation of the light detector does not occur at any wavelength, guarantees the highest SNR. Typically, it is best to define the proper integration time while measuring the white reference. If no specific procedure is recommended by the sensor producer, then the white reference spectra is obtained by measuring Spectralon ® (www. labsphere.com), white Teflon TM or other similar resin assuring ~100% light reflection in the NIR range. The procedure of the white reference calibration must be repeated before each measurement series, or whenever any of the hardware components or experiment conditions are changed. The black reference (or dark current) is measured in order to compensate the background noise of the electronic opto-detectors. Whenever possible, it should be performed together with the white reference measurement at regular intervals and particularly when significant change of the detector temperature is noticed.
The initial set-up of a FT-NIR spectrometer is more complex, as it includes selection of the Fourier transform algorithm, zero-filling number, acquisition mode, phase resolution, correction mode, apodisation function, spectral range and resolution, and most importantly the number of internal scans to be averaged for a resulting spectrum. The last parameter is critical as it affects the overall quality of the spectra and the measurement time. Increasing the number of internal scans improves the SNR but correspondingly increases the scanning time (refer to the Measurement section for more information). Note that once initial set-up is determined, the parameter file can be stored for later retrieval so that separate parameter settings for fibre optic probes or integrating spheres are easily loaded. Once the parameter files are loaded it is a simple task to change the number of scans if required. The spectrometer is an instrument measuring light which is reflected, absorbed, transmitted or transflected from the sample. Proper illumination is therefore a key issue to successful spectral measurement. The selection of the light source, light guides, illumination geometry and intensity are some of factors to be considered when setting up the experiment. For that reason, several commercially available instruments are designed with the illumination integrated into the sensor. Halogen and tungsten bulbs are most common sources, but recent development in semiconductors provides alternative illuminators, such as light emitting diodes.
In the best case, the NIR spectral and reference data should be acquired on corresponding samples simultaneously. This is critical for any quality trait which changes with time and/ or with moisture content. Any delay, especially if the sample is transported before NIR measurement can result in unacceptable errors. 27 It is recommended, whenever possible, to integrate the NIR spectrometer with the other instruments generating reference measurements and to synchronise the data acquisition procedure. Examples of such configurations when NIR spectroscopy is aligned with automatic sample recognition and measurement of mechanical stresses/strains are presented in Figure 5a and 5b, respectively.
Practical recommendations
n Ensure the same hardware setting for the entire measurement series. n Direct illumination of the surface may heat the sample surface and is very common when acquiring hyperspectral images. Consider this when planning measurements, particularly potential drying of the surface under intense light. n In most cases 32 internal scans (for FT instruments) is a good compromise between speed of measurement and spectra quality. For FT instruments, 32 scans correspond to a measurement time of ~30 s with the SNR (both RMS and peak-to-peak) closely corresponding to that for 256 scans (and 5 min of single measurement). n Similarly, for FT instruments, a spectral resolution of 8 cm -1 is a good compromise of resolution and speed of acquisition. 22 
Optimisation of the set-up
The routine testing procedure for the measurements should be determined case by case through a series of preliminary trials. This step is important since optimal scanning procedure will result in superior quality spectra. The higher the number of scans (NS), the higher the SNR. The measurement should be repeated in various places along the sample/log of interest in order to minimise the effect of wood heterogeneity. In general, more measurement locations improve the assessment reliability but increase the scanning time. The number of measurements depends on the goal of characterisation and may vary case by case. The consequence of measurement points increasing is a prolongation of spectra acquisition time. 17 In practice, the total measurement time is composed not only of time when the spectrum is acquired but also of time used for sample placement, typing data, saving results or handling the user interface. It is of great advantage to automate measurements by implementing dedicated accessories for the spectrometer. It is essential when most of the evaluated samples have the same form or a very high number of samples with several repetitive measurements are foreseen in the research campaign.
Modern NIR instruments may be optionally equipped with off-the-shelf accessories, such as sample holders, revolving carousels, sample compartments with optional sample heater/humidifier, sample rotators, transmission units or autosamplers , among others. Unfortunately, these may not always be suitable for biomaterials assessment. For that reason, custom solutions may be developed for specific research projects ( Figure 5 ).
Most software packages used for NIR spectrometer control are equipped with macro tools or wizards allowing development of customised measurement procedures. It may result not only in reducing labour time, but also minimises operator error, common when manually entering information to the system, especially in routine analyses.
Practical recommendations
n Acquire spectra at multiple positions on solid samples and average the spectra to ensure representative spectra which account for wood anisotropy and heterogeneity. n Use macros when measuring a batch of samples in order to optimise the time and to minimise error due to operator input. n Consider marking samples with a bar code (refer to the Sample preparation section). n Ensure sufficient quality of the acquired spectra (high SNR) in order to improve the reliability of chemometric models to be generated from such spectra.
Sample presentation
Sample preparation and presentation may significantly affect the acquired spectra and consequently reliability of the NIR spectroscopy. Three alternative approaches for the sample preparation might be considered while characterising biomaterials:
28 n non-destructive testing (for tree breeding) of non-conditioned samples directly in-field or at/on-line, n laboratory measurements of samples collected previously but carefully conditioned before NIR characterisation or n semi-or destructive testing of homogenised (e.g. milled)
samples. The anatomical wood section influences NIR measurements as well. In general, chemometric models developed using spectra collected on transverse or radial sections possess better prediction capabilities than those from tangential surfaces. 19 It is suggested to acquire spectra at several random positions over the assessed surface in order to balance the variance of properties within sample and to minimise the effect of varying ambient conditions. Any visible abnormalities of wood surface (such as reaction wood, resin pockets, knots, discolourations) or samples with mechanical damages (cracks, checks, fuzzy grain) should be intentionally omitted, unless the measurement/characterisation of such deficiencies is specifically intended.
The pressure of the probe or distance to the measured surface may influence the spectrum and it is essential to ensure stable and repeatable conditions while presenting samples to the instrument. Usage of proper probe and/or sample holders may be of great advantage.
Practical recommendations
n It is important to replicate spectral measurements and average results in order to diminish an effect of natural anisotropy and heterogeneity of wood. n It is recommended to measure all samples in each sample batch at similar positions and anatomical sections (e.g. mid earlywood on the radial face). n The measurement locations may be selected randomly; though, any visible wood defects should be avoided. n It is important to be aware of the effect of the variations caused by ambient conditions (temperature and relative humidity) on the thermodynamic state of the sample. n Refreshing the surface before measurement is necessary especially after lengthy storage of samples before assessment. n Whenever possible, it is recommended to carefully condition any sample in a climatic chamber prior to NIR measurements. n In case of characterisation of field samples, the best procedure is to collect a small amount of test material (e.g. from the timber structure, forest, site) and to perform NIR measurements in a controlled laboratory environment after careful conditioning of wood.
Measurement
The overall measurement time is composed of the spectral acquisition time and the additional period necessary to properly handle the acquired data. The SNR increases with the square root of the NS until the point where drift will start to dominate over a random noise (e.g. if the original spectrum was acquired with 16 scans, then 64 scans are required to double the SNR). It is suggested then to scan each sample several times and additionally increase the SNR by averaging acquired spectra. For solid samples the measurement has to be repeated at several locations along the sample surface covering the whole range of the assessed property variation. In general, more measurement points improve the research reliability but increases the scanning time. The number of measurements depends on the aim of the characterisation and may vary case by case, however, the authors consider at least five spectra measured on each sample as a minimum degree of replication. Further increase of NS can substantially minimise random components of signal and spectral noise. An acquisition time of 30-60 s per single measurement is considered as acceptable for routine laboratory applications. However, higher scanning speed (and consequently minimal measurement time) is essential when scanning wood on-line or at-line. An interesting alternative to deal with a variability of the measured property over the sample surface is to implement NIR hyperspectral imaging. An array of spatially distributed spectra is obtained as a result and the high number of independent data may be averaged to better represent the surface state.
The recent accessibility of field portable NIR systems has enabled NIR spectroscopy of standing trees and foliage to be conducted. This availability, however, comes with complications. First, the wood of the standing tree is at natural moisture content which, for sapwood, is often 100% or more.
† For spectrometers that operate in the 1000-1600/1800 nm range, the spectrum is dominated by the 1450 nm water band. Second, the penetration of the NIR energy into the wood is limited to a few millimetres so that the NIR spectrum of the wood exposed under a bark window (after scraping the cambium layer away) represents only a fraction of any growing season-especially in temperate or tropical regions. The result is that the spectrum obtained may not be representative of the whole tree, and maybe not even of one annual growth ring. Most wood properties of interest show considerable pith-to-bark variation and even during a single season there can be considerable variation. [29] [30] [31] [32] Third, the time of year that spectra are obtained on standing trees has considerable impact on the quality of any NIR-based calibration and/or prediction.
Foliar spectroscopy is increasingly being used to determine hybridisation, foliar nutrition and even leaf physiology in the field. [33] [34] [35] This too presents issues of spectral acquisition. It is important to avoid stray light and so a standardised backing plate behind the leaf while it is being scanned is suggested (transflection mode). In that case it is recommended not to use the reference standard as this will rapidly discolour and stain the standard requiring its rather expensive replacement. Instead a matt plastic panel (e.g. Teflon TM ) can be used as a backing plate.
Practical recommendations
n Make detailed notes and/or keep in a laboratory diary details of ambient conditions etc. occurring during measurement. Note all observations and focus especially on all the events when something went wrong. n Acquire white and dark reference spectra whenever you restart measurement after a longer break. Keep the record of white and dark references in the archive for solving future problems and to aid interpretation of anomalous results. n Ensure the surface of the white reference is perfectly clean before instrument calibration. n Measure samples in a random order within a batch as well as measurement positions on a single sample. Be aware of the small spectral area and penetration depth when attempting to acquire spectra from large volumes.
Reference methods
Near infrared spectroscopy is not a primary analysis technique. Instead it is a secondary method that, in order to predict material properties (chemical composition, physical/mechanical characteristics), requires calibration against reference data that are in turn produced via a primary method. Reference data of highest quality are therefore fundamental for reliable chemometric models. As a rule of thumb, the error of prediction by NIR spectroscopy can only ever be as good as the error of the reference method. NIR spectroscopists should always ask the analytical laboratory or testing laboratory as to the error of determination of the reference method and if necessary submit replicate samples to the laboratory to check the reliability of the reference data. Replicate samples should be submitted in batches over several days to ensure any operator bias is captured. While it is not always possible, the sample that is run on the NIR spectrometer should be the sample that is sent to the testing laboratory, in order to ensure the best sample representation. Alternately, matched sub-samples should be generated during the sample preparation phase, where one sub-sample is used for testing via the reference method and the second sub-sample is used for NIR spectral acquisition. It is important to take into consideration that the time period between NIR acquisition and the analysis by the reference method might affect the reliability of the research due to surface weathering and ageing. For that reason, both the primary characterisation of material properties and NIR spectra measurements should be performed simultaneously.
Note that difficulty in developing a calibration model for a particular property is not always the fault of the NIR spectroscopy-sometimes the reference data are not reliable enough and reassessing the laboratory routines may lead to the discovery of some fundamental error(s) in the reference method.
Practical recommendations
n Pay attention to the quality and reliability of your reference data, including the laboratory error of determination. n Store samples with known characteristics and corresponding reference values for future use. n Do not expect superb prediction models when working with reference data possessing high measurement error. n Wherever possible send the same sample that is used for NIR spectroscopy to the testing laboratory.
Storage of results
Standard software provided with NIR spectrometers allows automatic solutions for recording spectral data; however, it is important to structure data well in order to make these readable to other users who may utilise them in the future. Name your files correctly, sort your data immediately after measurement and make a separate folder for each research project. Consider automatic generation of a log file for all measurements on the NIR instrument, including date of measurement, sample type and operator name. Keep order † Based on oven dry mass, moisture content greater than 100% in green (fresh) wood is possible. MC % = mass water/oven dry mass wood × 100 in the data, as you will quickly forget the measurement details. It is a good practice to make notes, in addition to measurement details, referring to abnormalities related to specific samples or measurements . Remember to make a backup of your data as it will help you to recover when your hardware crashes.
Practical recommendations
n Store your data in more than one data store (hard disks, cloud or DVD-ROM). n Keep your data well-ordered and clearly described. n Back up frequently. n Include a date-timestamp in your filename.
Exploratory data analysis
There are a number of software packages to perform spectral data analysis. All spectrometers will include both acquisition and processing packages having greater or lesser capability depending on the degree of complexity, for example Opus (Bruker, www.bruker.com), TQ Analyst (Thermo Fisher Scientific Inc., www.thermofisher.com), NIRCal (Buchi Labortechnik AG, www.buchi.com). In addition, there are third party multivariate analysis software packages that incorporate direct spectral import. Some of the most popular programs usable for NIR data evaluation are: Unscrambler (CAMO Software AS, www.camo.com), Simca (MKS Instruments AB, www.mksinst.com), PLS_toolbox (Eigenvector Research Inc., www.eigenvector.com), as well as several toolboxes developed in Matlab (The MathWorks Inc. Natick, MA, USA) and R (www.R-project.org). The analyses and procedures listed here describe the fundamental procedures that would be expected to be in all the software packages.
Plotting the spectra to detect erroneous data to the eye (spikes, "air" spectra) and their removal where appropriate is a first step in exploratory data procedure. It should be possible to detect at this stage any measurement abnormalities related to improper probe placement or other disturbances during spectral acquisition.
Exploratory data analysis (data mining) allows recognition of hidden structure within large complex data sets. Before applying even simple data processing tools such as cluster analysis or principal component analysis (PCA) ensure the integrity of the raw data. Do not delete all outliers ("strange spectra" not affected by the obvious measurement error) as these may be stimulus for discovering of original knowledge or unexpected patterns in the data.
Practical recommendations
n Have a quick review of the spectra and eliminate these apparently affected by the erred measurement. n Do not be tempted to delete all outliers, but explore these to try to understand what caused them to be "different".
Spectra pre-processing
The goal of the signal (spectra) pre-processing is to eliminate or minimise variability within spectra that is not related to the investigated property of interest. Pre-treatment methods should be used with special attention since these directly modify the raw signals and may manipulate (influence) both the interpretations of the spectra and the conclusions of the test itself. The most commonly utilised spectra preprocessing methods used when analysing wood (and other ligno-cellulosic materials) are briefly listed below.
Conversion of raw spectra between transmittance and absorbance
The NIR spectra can be collected from wood samples in different hardware configurations and scanning modes (absorbance, transmittance or reflectance). It is extremely important to ensure the same spectral representation before analysis; therefore, raw data must be converted to a standardised form. The majority of wood science applications present NIR spectra in absorbance mode (log 1 / Reflectance reading).
Average
Averaging allows generation of a new spectrum from a set of original spectra of the same origin. It is calculated by averaging the intensities within all members of set of spectra, separately at each light wavelength.
Derivative
This method considers the rate of change in absorbance with wavelength. It may emphasise steep edges of a signal and may resolve overlapping peak. Unfortunately, spectral noise is enhanced along with the signal amplification. The most commonly used are first and second derivatives computed according to the Savitzky-Golay algorithm 36 or the gap derivative. 37, 38 The polynomial order and window size are two parameters to be defined when computing derivatives. Shoulders on peaks become more separated than in the original spectra and peaks are highlighted in the second derivative of an NIR spectrum. Application of the derivative computation reduces the measurement variations and allows a far better differentiation of all characteristic bands. It is important, however, to note that phantom peaks are presented in both first and second derivatives which may mislead straightforward interpretation of spectra.
Smoothing
Smoothing tends to reduce the high frequency "signal noise" due to hardware set-up imperfections and/or resulting from computation of derivatives. It is very useful tool for cleaning the data, but may distort spectral signal intensities, shift apparent absorbance peaks and hide small spectral features (such as minor peaks). 39 Different approaches for smoothing spectra are used, including moving average, Savitzky-Golay filters, wavelets and others.
Normalisation
Normalisation is frequently used to compensate for differences in the sample surface optical characteristics, such as density, scatter or varying smoothness/roughness. Vector or min-max normalisations are usually used in the field of NIR spectroscopy. The first procedure, known as the standard normal variate (SNV), normalises a spectrum by calculating the average intensity value and subsequently subtracting this value from each spectrum. Then, the sum of the squared intensities is calculated and the spectrum is divided by the square root of this sum (the standard deviation). The second procedure (min-max normalisation) subtracts a linear offset, and sets the y-maximum (NIR spectra absorbance) to a value of two by multiplication all the spectrum elements with a constant number.
Baseline correction (de-trending)
This procedure subtracts a baseline from a signal, leading to the spectrum with band edges of up to the theoretical baseline. This corresponds to a theoretical baseline at 0% in a case of absorption spectra and 100% in a case of transmission spectra. The baseline correction is not a favourable algorithm for spectra pre-processing as NIR spectra hardly contain any 0% absorption bands. Consequently, baseline correction distorts the real proportions between absorbance peaks and may lead to a wrong interpretation of the results.
Multiplicative scatter correction
Multiplicative scatter correction (MSC) is a signal processing algorithm that is particularly useful for NIR spectroscopists due to the non-linear scatter that is present in both transmission and reflectance spectra. MSC performs a linear transformation of each spectrum in order to best match individual spectra to the mean of all the spectra in the data set. This method is often used for spectra measured in diffuse reflection and is considered as the best technique for removing scatter signal from the chemical absorbance.
Practical recommendations
n Start any analysis with the simplest pre-processing. n Verify which pre-processing works best with your data by applying a systematic search. n The most frequently settings used for derivative computation (within IVALSA) are: second derivative, second order polynomial with a 17 smoothing points window. Nevertheless, the change of these settings may significantly affect the quality of the following chemometric analysis, especially for spectra acquired with low spectral resolution and so some level of trial-and-error is required. n One approach is to use a window size up to a maximum of 1-5% of the total data points in the spectrum, e.g. for 1500 data points use a window of 15, for 100 data points use 3-5. n Do not manipulate interpretation of the results to your initial hypothesis by transforming data with a complex pre-processing procedures. If a result is not what was expected, this does not mean it is wrong.
n With time, and for similar samples, a routine pre-treatment routine will be established. Use this and apply it repeatedly to other case studies in order to directly compare results. n Do not be afraid to change your routine pre-processing procedures, especially upon discovering that new tools are performing better.
Optimal data set of spectra
The size of a sufficient data set depends on the research purpose. Preliminary measurements may be performed on a reduced number of samples in order to prove the concept and to develop guidelines for further experimentation. A larger study may be performed afterwards to confirm (or not) initial observations and to provide set of information suitable to proper conclusion of the research. The ideal size of the data set depends on the investigated property and should properly represent the natural variation in the wood samples of interest. The optimal data set of spectra before data mining should include all foreseen abnormalities possibly observed in the investigated material. Whenever considering usage of NIR spectroscopy for predicting properties of non-conditioned samples or in-field, the data set of spectra should cover the whole range of anticipated measurement variations, such as different sample state, wood moisture, temperature or anatomic section. The procedures of multivariate experimental design might be of great help to minimise the measurement matrix, consequently reducing efforts and costs.
n Optimal sample set characteristics should be defined case by case at the experiment planning phase. n "More is better"; however, you have enough samples if the spectral data set sufficiently covers the natural variability of properties being studied. n Use existing calibrations to identify "interesting" samples that may extend the current range of calibration rather than random selection of new samples. n It is cheap to acquire thousands of NIR spectra but send only 20 purposely selected samples to the laboratory for reference measurements based on an initial screen of the spectral variation.
Calibration: qualitative analysis
Various chemometric techniques may be used for discrimination of classes within NIR spectroscopic data. The current work of Via et al. 41 suggests that what is considered as superlative for prediction is not necessarily suitable for model interpretation. The choice of the proper mathematical algorithms for qualitative analysis depends strictly on the analysis purpose.
Selected techniques most commonly used for NIR spectra evaluation are briefly described below, but more details can be found in the literature. 28, 42, 43 Cluster analysis (CA)
Cluster analysis is a statistical method used for matching NIR spectra into particular groups according to their similarities. CA divides similar spectra into groups called classes or clusters. The clustering can be displayed in the form of a dendrogram. The spectral distance is a number reflecting the similarity between spectra. Two spectra with a spectral distance (or homogeneity) = 0 are identical. The higher the spectral distance, the higher the difference between two spectra are. Ward's algorithm is frequently selected for the quantification of spectral distances and generation of dendrograms. 40 
Principal components analysis (PCA)
Principal components analysis is a powerful chemometric method that decomposes a linear combination of original variables into few principal components (factors). These factors contain most variability of the dataset and provide information on the major components of spectra determining differences among samples. Each raw spectrum can be then represented as a linear combination of factors and its eigenvector value. In other words, PCA searches for unique properties of spectra and separates sets of input data into groups of unique similarities allowing visualisation of natural clustering of the data.
Identity test (IT)
The principle of PCA can be applied for determination of the unknown spectra's similarity to the reference group and is implemented as IT. The algorithm compares the unidentified spectrum with other reference spectra by means of principle components. The result of such comparison is the spectral distance called hit quality (HQ). The better the spectra match, the smaller is the spectral distance. HQ = 0 for two identical spectra. The HQ of each comparison is weighted against the threshold, being an indicator assuring the proper spectra identification. The value of threshold reflects the scatter of the source data used for setting the IT. 40 Soft independent modelling of class analogy (SIMCA)
SIMCA it is another classification/identification algorithm using PCA for differentiation of sample classes. In analogy to IT, a set of meaningful principal components is derived from the data set. The difference lays in the way classes are modelled; each class is modelled in SIMCA separately (local models) and the number of principal components used may vary between classes. The prediction of a probable class membership for new samples/observations is performed by determination of best fitting to the respective class (local model). 28 
Practical recommendations
n Chose the optimal algorithm considering the individual character of your spectral data and peculiarities of your samples. n Start qualitative analysis with simple methods, including more sophisticated algorithms in case of the failure of simple ones. n Do not force your models to a point of overfitting. n Return to your qualitative analysis and try to re-make your chemometric models after some period of time; your skills will be surely improved with experiences.
Validation of qualitative model
Improvement (validation and integration) of the chemometric models with spectra of additional samples is a logical further step. The samples may be wooden pieces with various degrees of degradation, service-life history and specific properties. The continuous enlargement of the spectral database and reliability improvement of the chemometric methods is one of the most important tasks while using NIR systems.
Practical recommendations
n It is always best to calibrate and validate chemometric models with independent samples, assuming availability and compatibility of validation data. n Programme your research by planning to return to your old models, after a certain period of time, in order to try to improve the existing models or to validate them with additional samples. n When a calibration is used for routine analysis it is essential that it be re-validated regularly. As new samples, especially outliers become available, the model should be revised and revalidated.
Calibration: quantitative analysis
Multiple linear regression (MLR) and partial least squares (PLS) are commonly used chemometric methods for quantitative analysis of spectroscopic data. Usually PLS is a first-choice tool available in most of the state-of-the-art data mining software packages. PLS extracts a linear model describing the variance in a response variable(s) in terms of variance in a series of observable variables, such as each wavelength of the NIR spectrum. A sufficiently large set of both representative spectra and corresponding reference data is necessary for reliable model development.
The success of the model performance depends on the selected pre-processing of your data and selected wavelength range of the spectrum. Some software packages (e.g. Opus) have dedicated optimisation tools available for PLS models tuning. Several pre-processing methods might be imple-mented into optimisation procedure in order to obtain the best performing quantitative models. 40 The critical decision regarding development of consistent prediction models is selection of the optimal number of factors (components). It is an advantage to minimise the number as much as possible in order to increase the model generalisation capabilities. On the other hand, increasing the number of factors may result in better representation of the data, but may lead to over fitting of the model with extraneous information considered as noise. In general, the optimal number of factors corresponds to the model possessing the lowest number of factors, smallest prediction error but highest determination coefficient. It has to be mentioned that most of the chemometric software packages assist the decision process and automatically suggest the optimal number of factors for a given model.
Practical recommendations
n Try to apply different pre-processing methods and spectral range configurations to tune your models. n Do not eliminate outliers without referring to them. Check your notes-these might be erroneous measurements or spectra of samples with particular characteristics. n Fewer factors in your PLS model is better-avoid overfitting of your data.
Validation of quantitative model
Validation of chemometric models such as PLS regression is essential in the development of robust models capable of application in real scenarios. Two validation strategies are possible, depending on the number of available samples/ cases. 
Cross-validation

Test-set validation
This is the ultimate test of the performance of a calibration, and it can be performed in two ways. First, and particularly when the number of samples is limited, the initial data set is split into separate calibration (aka training) and validation (aka test) sets, with approximately two-thirds of the samples being assigned to the calibration set and one-third to the validation set. Only the training set samples are used for PLS model calibration and none of the test set samples are involved in the calibration development. Note that during the development of the calibration model it is often likely to use some form of cross-validation (Randomised block rather than leave-one-out in order to speed computation). The separate validation test set samples are then used for prediction of the variables on the basis of PLS models tuned with the calibration data set. The predicted values computed from the validation set samples are regressed against the reference values. Measures of determination coefficient r 2 pred. and the root mean square error of prediction (RMSEP) are obtained. It is very convenient to quantify the chemometric model quality by computing the ratio of the standard error of prediction to the sample standard deviation (RPD). The test-set validation approach is superior, compared to cross-validation, and results in more reliable and generalised PLS models.
The variation of the test-set validation is a three-step approach where the model is first calibrated with the preselected samples in a calibration set, and then adjusted by using independent test set samples. The refined model configuration may be performed here, including selection of the spectral ranges, number of factors or spectra pre-processing routines. The optimised model is finally confronted with the second (again independent) test set samples where model quality statistics are determined.
Selection of samples for the training and test set can be undertaken by a number of means such as a random assignment or some form of statistical assignment such as a Kennard-Stone selection. 44 The second method is based on the determination of the greatest inter-sample distance from the scores plot of a PCA or PLS analysis. There are, however, some cautionary warnings, described in detail by Esbensen et al. 45, 46 and Fearn. 47 It is important to mention that whenever replicates are performed it is best to average the replicate spectra and attribute a single reference value to the sample.
The overall aim of prediction models development is to generate calibrations with high values of r 2 while having low values of RMSEP, low bias and a slope approaching unity. Williams 48 and Williams and Sobering 49 proposed the RPD statistic [the standard deviation of the reference data used in validation divided by standard error of prediction SEP or crossvalidation SECV, RPD = SDy ÷ SEP (or SECV)] in order to evaluate the utility of PLS calibrations. Table 3 summarises requirements for the superb chemometric models. The threshold values of quality indicators may vary case by case, but the general conclusion is that the most important is a model capability to predict with lowest possible error. On the other hand, from the practical point of view use of calibrations models with RPD < 2.0 is not recommended for agricultural or forestry purposes. [49] [50] [51] Practical recommendations n Refer to the suggestions in the validation of qualitative model section, but whenever possible perform external validation using an independent data set, which has not been used for model calibration.
n Do not be over-optimistic; what is working in the laboratory might not necessarily work in-field. n Do not give up; continuously upgrade your prediction models with additional reference data covering a wide range of sample characteristics.
Interpretation of spectra
Ultimately it is recommended to provide some interpretation of the spectral regions that give rise to the calibration with the response variable(s). This is achieved by interpretation of the loadings and loadings weights plots. Bands assignment and spectra interpretation generally rely on comparison with model compounds in published literature references. The most recent reviews and compilations for wood-based NIR, published by Schwanninger et al., 52 include important considerations regarding fundamental aspects such as interaction between NIR and matter, or spectra handling.
One advantage of NIR spectroscopy over other analytical techniques is that it provides detailed information related to the quality and quantity of hydroxyl (-OH) groups associated with several woody polymers. Hydroxyl groups are very important functional groups as they strongly influence the hygroscopic properties of wood.
Differences in NIR spectra are often very subtle, as overlapping bands are present, making it very difficult to interpret. It requires extensive training of analysts to recognise these minor differences. Direct interpretation of the NIR spectra is not an easy task and has to proceed with due spectra preprocessing. Usually second derivative transformations help visualise differences in the spectra, but other pre-processing methods may lead to even better understanding and interpretation. An example of an NIR spectrum of wood and its second derivative are presented in Figure 6 and absorptions attributed to functional groups are indicated according to Swanninger et al. 52 Visual observation and interpretation of spectra is the simplest method to identify outliers caused by measurement errors (such as obstacles, dirt, incorrect probe placement or faulty coupling caused by vibration etc.). Any outliers (erroneous spectra) should be eliminated from the spectral data set as they may falsely influence the chemometric models.
Practical recommendations
n Have a close look at your spectra considering different pre-processing. Try to understand their meaning and read information directly from the spectra. n Second derivative transforms generate two phantom peaks; consider it while interpreting spectra. n Visualisation of the whole data set simultaneously can be very problematic. Consider averaging of clusters/groups and analyse only representative spectra. n Loadings extracted with PCA and PLS may be a precious source of the information recorded within NIR spectra. Consider analysis of loadings in the same way as spectra.
Implementation of chemometric models for identification
Qualitative chemometric models might be used for recognition of wood species, 32,34 wood defects, treatments and their intensity, quality of wood products, wood degradation rate etc. Qualitative and quantitative models are created for a specific purpose and that is to predict certain characteristics on new and unknown samples. Use your model to predict external samples and verify if it is robust enough to correctly classify unknown specimens.
Practical recommendations
n Whenever possible, test your model to evaluate independent samples of known characteristics. n Do not be upset in case of bad performance of the discrimination model; you should first identify the problem, tune the model and validate it again.
Implementation of chemometric models for prediction
The ultimate application of NIR spectroscopy of wood or wood products is to substitute for costly and time-consuming reference measurements in order to aid process optimisation or determine properties and genetic traits on large numbers of [54] [55] [56] [57] ) and mechanical properties (e.g. density, MOR, MOE, tensile strength [58] [59] [60] [61] ).
Practical recommendations
n Develop robust models but continuously include additional reference data to make improvements. n Remember that calibration transfer is possible, therefore you might use your previous models while measuring with new equipment.
Generalisation of knowledge
"Share your knowledge" (Dalai Lama XIV). Whenever and wherever possible, discuss your results with colleagues. Keep up with the scientific literature. Attend workshops and conferences. Follow the state-of-the-art knowledge. Strive to publish your results in good journals, and pay attention to the reviewers' comments and suggestions-they will help you improve your publication but also scientific routines.
Practical recommendations
n Use your knowledge and share it with others. n Use the reviewers' feedback as a stimulus for further improvement of your skills and methodologies. n Consider your research work as an adventure and enjoy the journey of learning new things. n Continually improve model performance by including new and interesting samples (different geography, different age class etc.). n Working in academia is safe but collaborating with industry brings greater rewards despite the greater challenges.
